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Abstract – This paper presents an adaptive control strategy for the speed control of a four-phase 
switched reluctance motor (SRM) in automotive applications. The main objective is to minimize the 
torque ripples, despite the unstructured uncertainties, time-varying parameters and external load 
disturbances. The bound of perturbations is not required to be known in the developing of the proposed 
adaptive-based control method. In order to achieve a smooth control effort, some properties are 
incorporated and the proposed control algorithm is constructed using the Lyapunov theorem where the 
closed-loop stability and robust tracking are ensured. The effectiveness of the proposed controller in 
rejecting high perturbed load torque with smooth control effort is verified with comparing of an 
adaptive sliding mode control (ASMC) and validated with experimental results. 
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1. Introduction 
 
During the last decade, various investigations have been 

devoted to the field of switched reluctance motors due to 
such advantages as lower costs and higher reliability, 
over PM-based machines in automotive applications [1]. 
Moreover, SRM is becoming increasingly a candidate for 
Electric Vehicles (EVs) due to its extended speed range 
at constant power that can minimize the power rating of 
the propulsion system for high acceleration performance 
and maximize the capability of recovering energy during 
regenerative braking operation [2]. However, its high 
torque ripple overwhelmed these advantages, especially 
for the usage as a traction motor in EVs with high driving 
torque that vibration force directly applied on wheels [3, 4]. 
Therefore, advanced control methods are needed to reduce 
the torque ripple to deliver smoother power to the wheels 
[5, 6]. This can be achieved by applying smoother 
control effort even in the presence of time-varying torque 
perturbations to reduce mechanical vibration and enhance 
the comfort level for the occupants [7, 8].  

On the other hand, double saliency structure, inherent 
magnetic saturation and time variation of parameters form 
an uncertain nonlinear mathematical model for the SRM. 
Removing some drawbacks of the conventional mechanical 

structure design, some advanced nonlinear control methods 
such as robust control strategies [9, 10] have been developed 
to achieve a minimized torque ripple performance. The 
torque sharing function (TSF), as one of the most significant 
used methods, may present a promising solution to minimize 
the torque ripple in SRM drives [11-14]. In [11], a study 
has been done on improving TSF for negative torque 
compensation in high speed applications. A novel family 
of optimal TSFs considering copper loss minimi-zation is 
proposed in [12]. However, working in positive torque 
producing region and using linear magnetic characterization 
may reduce the drive efficiency. The researchers have 
improved the TSF with the main objective of torque ripple 
minimization in wide speed range and two secondary 
objectives of minimization of power loss and rate of 
change of flux-linkage [13, 14]. In such works, the 
developed hysteresis current controller may have an effect 
on switching frequency of the power semiconductor 
devices when a lower hysteresis band is used. Moreover, 
the robustness analysis in the presence of unstructured 
uncertainties has not been given. 

Higher order sliding mode controls, e.g., second order 
sliding mode (SOSM), have been also used to relax the 
chattering problem in the speed control of SRM [15]. 
However, the model uncertainties have not been considered 
due to difficulties in stability and robustness analysis. To 
address the above-mentioned issues, a novel integral sliding 
mode control method is proposed in [16] to achieve a 
faster torque response with acceptable ripple. Nevertheless, 
in such cases as automotive applications, the upper bound 
of perturbations may be unknown due to the uncertainty 
and time variation in load torque. The inadequacy of most 
controllers based on a sliding mode design lies in the 
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treatment of such upper bound by calculating a switching 
gain. By increasing the gain for some large uncertainties, 
the high frequencies may be excited and some problems 
in hardware operation and chattering are inevitable. In 
general, chattering-free SMCs may be classified into 
those interacting with switching gain selection and those 
modifying the sliding function. Recently, a considerable 
attention has been paid to construct the combinational 
techniques to achieve a chattering-free performance via 
combining the SMC and gain adaptation techniques to 
develop adaptive sliding mode control for synchronous 
reluctance [17], and induction motor [18]. An adaptive 
sliding mode controller is designed in [19] which focused 
on the application of the linear switched reluctance 
actuator. 

This paper proposes an adaptive control, as an approach 
for speed control of SRM with robust tracking performance 
under the unstructured uncertainties. The proposed scheme 
is capable of rejecting unknown time-varying load torque 
disturbance with attenuating the torque ripple. Moreover, 
the smoothness in the control effort provides a superior 
performance in speed tracking, compared with an adaptive 
SMC method, despite the both unstructured electrical 
and mechanical uncertainties of SRM. The validity and 
effectiveness of the proposed controller algorithm have 
been demonstrated by simulation and experiment. Experi-
mental results are presented by implementing a drive 
system, including a 4 kW, four phases 8/6 SRM. The 
results show the reasonable performance of the proposed 
strategy by comparing with ASMC.  

 
 

2. The Dynamic Model of SRM 
 
The SRM possesses a simple design with salient poles 

on both the rotor and stator but without windings on its rotor. 
Operation is based on the tendency to stand in alignment 
with the rotor and stator poles which yields a stable 
position and consequently, the reluctance is minimized. 
Torque production is due in sequential excitation of 
diametrically opposite stator poles by a switching 
algorithm [20]. The basic sets of electrical and mechanical 
differential equations are used for dynamic modeling of 
SRM can be stated as: 

 

 j
j j

dλ ( , )
,

d
i

u ri
t
θ

= +  (1-a) 

 e Lω ( ,θ)J T i T Bω= − −    (1-b) 
 

where u  is the voltage, i  denotes the current, λ  is the 
flux-linkage, r is the phase resistance, and 1, 2,3, 4j =  
stands for each phase of the machine. Moreover, J  is 
the inertia of the motor, B  denotes the motor friction, 

e ( ,θ)T i  is the electromagnetic torque depends both on the 
angular rotor position and LT  shows the load torque. 

3. Adaptive Sliding Mode Control (ASMC)  
Design 

 
By taking the uncertainties into account just in the 

mechanical part of SRM dynamic model, this section 
focused on estimating the lumped mechanical uncertainties. 
Based on (1), the dynamic model of the SRM can be 
expressed as: 

 
 ( ) ( )( )Lω a ω ( ,θ)ea b b T i T= + Δ + + Δ −  (2) 

 

where a = − B
J

 and b = 1
J

denotes the nominal parameters 

and Δa  and Δb  are unknown parts. Defining the speed 
error *e ω ω= − , where *ω  is a reference speed, the 
sliding surface may be adopted as 1 cS e e= + , c 0>  and 
its derivative is: 

 
 1 c cω ωS e e= + = − −  (3) 

 
By substituting the derivative of ω  from (1) into (3), 

one obtains: 
 

( ) ( )( )1
1cω ω cω ωe L e L

BS T T a b T T
J J

⎛ ⎞= − − + − = − − + −⎜ ⎟
⎝ ⎠

 

  (4) 
 
Incorporating the defined uncertainties in (4), it can be 

represented as: 
 

 
( ) ( ) ( )

( ) ( )( )
1 cω ω

1c ω ω

e L

e L e L

S a a b b T T

a bT bT b a b T T
b

= − − + Δ − + Δ −

⎡ ⎤= − + − + − Δ + Δ −⎢ ⎥⎣ ⎦

 (5) 

 

By defining ( )( )1( ) ω e LP t a b T T
b

= Δ + Δ − as the lumped 

uncertainty, the sliding dynamic (5) can be rewritten as: 
 

 ( )1 c ω ( )e LS a bT bT bP t= − + − + −  (6) 
 
Using the approximated inductance profile of the SRM, 

by neglecting magnetic saturation, the average torque 
e ( ,θ)T i  can be expressed as [21]: 
 

 2 2 2
e

2 1

1 d ( ) 1 1
2 d 2 2

a uL LLT i i miθ
θ θ θ

−
= = =

−
 (7) 

 
where, uL  is the inductance at unaligned position 1θ , aL  
is the inductance at aligned position 2θ , and constant m  
is the slope of the inductance corresponding to rotor 
position. Considering the phase current as a control input, 
one can obtain eT i u∝ =  and the dynamic Eq. (6) can be 
written as: 
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 ( )1 c ω ( )LS a bu bT bP t= − + − + −  (8) 
 
Now, define the Lyapunov function candidate: 
 

 2 2
1 1

1 1 ( )
2 2ρ

V S P t= +  (9) 

 
In which ρ  is a positive constant and ( )P t =  

ˆ( ) ( )P t P t−  is the error between the actual value of the 
lumped uncertainty ( )P t  and its estimated value ˆ( )P t . 
The derivative of (9) is obtained as (the detailed 
manipulations are given in Appendix A): 

 

( ) ( )2
1 1 1 1 L 1 1

1

ˆc ω

1 ˆ
ρ

V K S S a b u P bT K S

P P bS

⎡ ⎤= − + − + − + + +⎣ ⎦
⎛ ⎞

− +⎜ ⎟
⎝ ⎠

 (10) 

 
Where 1K  a positive constant. Choose the control input u 
as: 

 

 ( ) L 1 1
1 ˆc ωu a bP bT K S
b
⎡ ⎤= − + − + +⎣ ⎦   (11) 

 
Substitution the control law (11) in (10), one can obtain: 
 

 2
1 1 1 1

1 ˆ
ρ

V K S P P bS
⎛ ⎞

= − − +⎜ ⎟
⎝ ⎠

 (12) 

 
The adaptation law is defined as: 
 

 1
ˆ ρP bS= −  (13) 

 
Hence, adopting (13) in (12) gives: 
 

 2
1 1 1 0V K S= − ≤  (14) 

 
where 1V  is a negative semi-definite function and 
according to the Lyapunov stability theorem, the 
asymptotical stability of the control system is guaranteed, 
and the speed error asymptotically converges to zero [22]. 

 
 

4. The Proposed Adaptive Control Design 
 
The previous section focused on using an adaptive 

scheme to estimate the lumped uncertainties. However, 
only the structured mechanical uncertainties are considered 
in the model of SRM. This section proposes an improved 
adaptive control scheme for eliminating this drawback by 
incorporating both mechanical and unstructured electrical 
uncertainties in the SRM model despite the time-varying 
load torque disturbances. The upper bound of perturbations 

is not required in the design procedure and is estimated by 
an adaptation mechanism to make the control gain small 
enough. This algorithm is also used the exponential 
functions as an effective solution to smoothen the control 
effort. The torque and current dynamics can be written 
from (1) as: 

 

 
( ) ( ) ( )e ed ,θ ,θ ,θd dθ

d d θ d
eT i T i T ii

t i t t
∂ ∂

= +
∂ ∂

 (15) 

 ( ) ( )1,θ ,θd ω u
d θ

i ii ri
t i

λ λ−
∂ ∂⎛ ⎞ ⎛ ⎞

= − − +⎜ ⎟ ⎜ ⎟
∂ ∂⎝ ⎠ ⎝ ⎠

 (16) 

 
Both phase torque, ( )e , θT i  and phase flux-linkage, 
( ), θiλ  are nonlinear functions of the phase current and 

the rotor position and for notational consistency, their 
arguments i.e., i  and θ , are omitted in the following 
procedure. Substituting (16) in (15), (15) can be expressed 
as [21]: 

 
1 1

e ed
ω ω u

d θ θ
e eT T T T

ri
t i i i i

λ λ λ
− −

⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂∂ ∂ ∂
= − − + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 

   (17) 
 
Therefore, the SRM dynamic model can be described in 

an affine form as [21]: 
 

 e
e e

d
( ) ( )

d
T

f T g T u
t
= +  (18) 

 
where the nonlinear functions e( )f T  and e( )g T  are 
specified by: 

 

 
1

e
e( ) ω ω,

θ θ
eT T

f T ri
i i

λ λ
−

⎛ ⎞ ⎛ ⎞∂ ∂∂ ∂
= − − +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

 (19) 

 
1

e
e( )

T
g T

i i
λ

−
⎛ ⎞∂ ∂

= ⎜ ⎟∂ ∂⎝ ⎠
 (20) 

 
Defining y ω=  as the output, and neglecting B , the 

dynamic model can be represented as: 
 

 e e u( ) ( ) T ( )J f T g T u tω = + −  (21) 
 

where u LT ( ) ( )t T t= . As a preliminary step, rewrite (21) in 
the second-order compact affine form as: 

 
 1

uT ( )D u J D tω −+ = −CQ  (22) 
 

where: 
 

1
eT

D J
i i
λ

−
⎛ ⎞∂∂

= ⎜ ⎟∂ ∂⎝ ⎠
, 

1
e

θ θ

T

eT T
r

i i
λ λ

−⎡ ⎤⎛ ⎞∂ ∂∂ ∂⎢ ⎥= − ⎜ ⎟∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦
C , 
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[ ]iω=Q  
 
Assumption 1. The uncertain nonlinear term D is 

decomposed as 0D D D= + Δ  where 0D  is the known 
part and DΔ represents the bounded unmodeled 
perturbation with bounded time-derivative, i.e., 1D zΔ <  

and 
d

dt
DΔ

2z<  where z1 and z2 are unknown constants 

and { }1 2min z , zz = . 

Assumption 2. The parameters θ
eT∂

∂
, i

λ∂
∂

, eT
i

∂
∂

 and  

θ
λ∂

∂
 are time-varying with unknown bounds. This partial  

derivatives of flux and torque with respect to current and 
position are calculated by using the electromagnetic 
characteristics, achieved by the finite element method and 
verified by experimental measurement. The applied external 
torque uT ( )t  denotes the rate of variations in applied 
torque, assumed here as a time-varying disturbance with 
unknown bound value.  

Assumption 3. By augmenting the unknown uncertainty 
C , and the external load disturbance uT ( )t , augmented 
unknown time-varying vector and regressor vector are 
defined as: 

 
 [ ]ξ( ) = ( ) T

ut T tC      (23) 

 1= J D−⎡ ⎤Ψ ⎣ ⎦Q  (24) 

 
The unknown vector ξ( )t  is norm-bounded with an 

unknown value i.e., ξ(t) w<  where w > 0  is an 
uncertain parameter. 

 
Remark 1. By Assumptions 1-3, all kinds of SRM model 

uncertainties and disturbances, are taken into account, 
without any pre-assumption on the bound of such 
perturbations.  

Remark 2. The term e( )g T  is not zero to derive the 
control law. This assumption is always satisfied for SRM,  

as the expressions i
λ∂
∂

 and eT
i

∂
∂

 are shown to be positive.  

Considering L(θ, )i iλ =  one obtains: 
 

 
( )L(θ, )(θ, ) (θ, )(θ, )

i ii L iL i i
i i i

λ ∂∂ ∂
= = +

∂ ∂ ∂
 (25) 

 
From a physical viewpoint, it is true to assume the 

positivity of (25) in the range of operation [9], i.e.: 
 

 
(θ, )(θ, ) 0L iL i i
i

μ∂
+ > >

∂
 (26) 

 
Moreover, consider the fact that the rotor pole arc of 

the used SRM is larger than its stator pole arc, and the 
inductance profile does not contain the flatness charac-
teristic [23]. Hence, the coefficient of partial derivative of 
inductance to position in the produced electromagnetic 
torque (7) is always positive.  

For the uncertain system described by (22), the control 
objective is to track desired speed ω  in the presence of 
unstructured uncertainties, unknown parameters and external 
time-varying torque disturbances. In order to develop the 
control algorithm, the tracking error and two error metric 
functions are defined as *e ω ω= − , ( ) ( )S e t e t= +  and 

( ) ( )rS t e tω= + .  
 
Theorem. Consider the uncertain perturbed nonlinear 

SRM dynamic model (22). The reference speed tracking, is 
ensured by using the followed control law: 

 

 0 0 1 2
1
2ru D S D K S u u⎛ ⎞= + + + +⎜ ⎟

⎝ ⎠
 (27) 

 
where: 

 

 
2

2
1

1 ˆ ˆz z
12 ẑ
2

r
t

r

SS
u S

S S e σδ −
= +

+
 (28) 

 
2

2 ŵ
1ˆS w
2

T

T t

Su
e σδ −

ΨΨ
=

Ψ +
    (29) 

 
where K  is a positive gain and 1 2,u u  are adaptive 
subcontrollers. The first adaptive subcontroller 1u  deals 
with unstructured uncertainties and 2u  tackles time-
varying external disturbances. Exponential parameters δ  
and σ  are some positive constants, selected by the 
designer. Moreover, ẑ  and ŵ  are updated by the 
followed adaptation mechanisms: 
 

 2
z

1ẑ γ S S
2rS⎛ ⎞= +⎜ ⎟

⎝ ⎠
 (30) 

 wŵ γ STψ=  (31) 

 
where zγ  and wγ  are the positive adaptation gains. 

 
Proof. Choosing the Lyapunov function as: 
 

( ) 2 2 2 2

z w

1 1 1, , z, w z w
2 2γ 2γ

V e e Ke DS= + + +  (32) 

 
where ˆz = z - z  and ˆw = w - w  denotes the estimation 
error, the time derivative of V  is: 
 

 ( )
z w

1 1ˆ ˆ2 zz ww
γ γ

V Kee S De De= + + − −  (33) 
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By Eq. (22), the error dynamic may be written as: 
 

 * 1
u

1T
2

De D u J D DSω −= − + + +CQ  (34) 

 
Incorporating the second-order error dynamic (34) and 

control law (27) in (33) with taking into account 
assumption 1, (33) can be represented as: 

 

( )
2

* 1
u 1 2

2
1 dT
2 dt

V Kee KS
DS D e J D S u uω −

= −
⎛ ⎞Δ

+ Δ + + + + − −⎜ ⎟
⎝ ⎠

CQ
 

z w

1 1ˆ ˆzz ww
γ γ

− −   (35) 

 
By assumption 2 and 3, V  is bounded as: 
 

 

2 2 2

1 2
z w

1 S
2

1 1ˆ ˆzz ww
γ γ

T
rV Ke Ke z S S S w

Su Su

⎛ ⎞≤ − − + + + Ψ⎜ ⎟
⎝ ⎠

− − − −
  (36) 

 
By adaptive subcontrollers (28) and (29), one obtains: 
 

 2
1

1 1ˆ ˆzS z
2 2

t
rSu S S e σδ −− ≤ − − +  (37) 

 2
1ˆS w
2

T tSu e σδ −− ≤ − Ψ +  (38) 

 
Substituting the inequalities (37) and (38) in (36), (36) 

can be represented as: 
 

2 2 21z w S
2

T t
rV Ke Ke S S S e σψ δ −⎛ ⎞≤ − − + + + +⎜ ⎟

⎝ ⎠
 

z w

1 1ˆ ˆzz ww
γ γ

− −   (39) 

 
Using update laws (30) and (31) in (39) yields: 
 

 2 2 tV Ke Ke e σδ −≤ − − +  (40) 
 
By (40) it can be concluded that: 
 

 2 tV Ke e σδ −≤ − +  (41-a) 
 2 tV Ke e σδ −≤ − +  (41-b) 

 
Now, integrating (41-a) in 0 T≤ < ∞  results in: 
 

 
( )

( ) ( )

2

0

σ

d ( ), ( ), z( ), ( )
δ(0), (0), z(0), (0) 1
σ

( )T

T

K t V e T e T T w T

V e e w e

e t
−

+

≤ + −

∫
 (42) 

Which implies that 
2

0
( ) d

T
e t t < ∞∫ , i.e. is square 

integrable. On the other hand, by (40), one can conclude: 
 

 2 δV K e≤ − +  (43) 
 
For any small (near zero) bound ε 0> , the inequality 

(43) shows that by choosing 2δ / εK > , there exists a 
0κ >  such that when εe >  the time derivative of 

Lyapunov function becomes negative; i.e., 
 

 2 0V eκ≤ − ≤  (44) 
 
So, the tracking error is bounded. Meanwhile, by using 

the inequality (41-b), and following the similar procedure it 
can be concluded that ( )e t is bounded. Thus, by the 
Barbalat’s lemma, boundedness of all closed-loop signals 
and the convergence of tracking error ( )e t  despite the 
system uncertainties and external torque disturbance is 
guaranteed. 

Remark 3. The exponential terms, formed by δ  and σ  
in (28) and (29) are used to prevent chattering in the 
control signal. The greater value of such parameters 
provides the smaller chattering in control signal. On the 
other hand, there is a trade-off between the smoothness of 
control effort and the speed of tracking error convergence. 

Remark 4. From a theoretical viewpoint, choosing any 
2δ / εK >  ensures holding (44), for any ε 0> , even if K  

is very large. In practice, selecting an arbitrarily large K  
may be impossible and a certain error bound is allowed in 
controller design.  

Remark 5. In order to alleviate the increase in the 
estimation values ẑ  and ŵ  without bound occurring 
in the case of imperfect implementation of adaptation 
mechanism (30) and (31), an effective modification is 
adopted here. To this end, substitute the mentioned update 
laws with: 

 

 2
z

1ẑ μ S S
2rS⎛ ⎞= +⎜ ⎟

⎝ ⎠
 (45) 

 wŵ μ STψ=  (46) 

where 
 

 z
z

γ
μ

0
if e
otherwise

υ⎧ >
= ⎨
⎩

 (47) 

 w
w

γ
μ

0
if e
otherwise

υ⎧ >
= ⎨
⎩

 (48) 

 
Which ensures that all the signals and states of the 

closed loop system are bounded and e  is robustly 
converged to a (small) prescribed bound 0υ > . Briefly 
discussing, adaptation mechanisms (45) and (46) are 
activated whenever the norm of the tracking error exceeds 
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the prescribed bound 0υ >  and, consequently, the 
instability due to the increase in ẑ  and ŵ  is alleviated. 

 
 

5. Simulation and Experimental Results 
 

5.1 Disturbance rejection and tracking performance 
study 

 
Simulation results are presented here for a SRM with the 

parameters, given in Appendix B. The block diagram of 
the closed-loop drive control system, using the proposed 
adaptive control, is shown in Fig. 1. The experimentally 
measured flux linkage curves of used SRM are shown in 
Fig 2. In the following, the system performance is 

evaluated despite the variation of load torque, as an 
external disturbance, and compared with that of ASMC. To 
this end, the ASMC parameters are selected as 1 20K = , 
c=8 and ρ 0.3= . The proposed adaptive control parameters 
are 10K = , γ 0.07z = , γ 0.03w =  and exponential terms 
are δ 5= and σ 1= . Moreover, the turn on and turn off 
angles is assumed to be constant and equal to 33  and 
56 , respectively. To demonstrate the performance of the 
SRM drive with the proposed control schemes, the load 
torque is abruptly increased from 7 to 12 Nm at 0.5 sec, as 
an external disturbance while the reference speed is 1200 
rpm. The capability of the proposed adaptive method in 
external load disturbance rejection, demonstrated in Fig. 3, 
shows a robustness is achieved, compared with the ASMC. 
Fig. 4 shows the adaptation procedures of the proposed 
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adaptive-based controllers, to overcome such system 
perturbations. To demonstrate the effectiveness of speed 
control of the proposed adaptive method a trapezoidal like 
reference including accelerated and decelerated part is also 
used to test the controllers. It is shown in Fig. 5 that the 
speed response with the proposed adaptive controller is 
more precise than ASMC. 

 
5.2 Robustness against parametric uncertainty  

 
To investigate the behavior of proposed control method 

under parametric variations, the inertia of the motor, the 
motor load friction, and the stator resistance are let 
increased by 100% of the nominal value. Such variations 
are effectively compensated by the proposed adaptive 
controller, as illustrated in Fig. 6. 

 
5.3 Rejection of time-varying load perturbations 

 
Applying the time-varying load torque with the mean 

torque values of 12 Nm and 7 Nm is shown in Figs. 7 and 8, 
respectively. In the first case, the load torque, applied to the 
motor, is perturbed by a Gaussian noise with variance of 
2.5 Nm and in the second case, the perturbation has 1.5 
Nm value. These kinds of load torque perturbations are 
selected to emulate the electric vehicle driving torque 
condition [24]. The results show only a small ripple 
remains in the steady state by applying the proposed 
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Fig. 4. The adaptive gains of ASMC and proposed adaptive 

controller 
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Fig. 5. Four quadrant speed response of SRM 

 
Fig. 6. Speed response despite the 100% variation in J, B, 
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adaptive control scheme. 
 

5.4 Experimental results 
 
A SRM drive with same parameters of Appendix B is 

implemented to experimentally verify the proposed control 
scheme. The experimental setup is based on a fixed-point 
TMS320F2812 DSP. This platform includes four dual 
pulse-width-modulation (PWM) channels (8 channels total), 
4 analog-to-digital converters (ADCs), and a speed-
encoder input. Fig. 9 illustrates the laboratory setup of the 
DSP-based drive system. The experimental hardware, used 
for evaluating the 8/6 SRM drive, consists of: (i) The 
asymmetrical converter, implemented by using IXYS 
IGBT with a gate driver TLP250 and fast power diodes 
DSEI 20-12A with a reverse recovery time, less than 40 
nanoseconds. (ii) Hall-type galvanic isolation CSNE151-
104 Honeywell sensors for measuring the phase currents. 
(iii) A 10-bit absolute encoder Autonics EP50S8, used to 
determine the rotor position. The results are obtained under 
the speed loop switching frequency of 10 kHz. 

Some experimental results are presented here by 
implementing the proposed and adaptive sliding mode 
controllers, from a comparative viewpoint. Figs. 10 and 11 
demonstrate the speed response, respectively under an 
abrupt external load change from 7 to 12 Nm at 0.7 sec and 
under a step change in the reference speed from 600 to 
1200 RPM. Torque responses are presented only in 
simulation due to lack of torque meter equipment. However, 

other results such as speed response is shown in both 
simulation and experiment. The results show that the 
proposed controller significantly improves the ripple-free 
performance and successfully eliminates the chattering in 
the control efforts, as shown in Figs. 12 and 13. By 
comparing the results of experimental work with those of 
the simulation study, the proposed controller performance 

Fig. 9. The laboratory setup for experimental study 
 

Fig. 10. Speed response performance of the proposed
adaptive control in experiment under abrupt load
change, compared with that of ASMC 

 

Fig. 11. Speed response in steady state performance of the 
proposed adaptive control in experiment, under 
step increment of reference speed, compared with 
that of ASMC 

 

 
Fig. 12. Control effort and phase current of the proposed 

adaptive control and ASMC in experiment under 
abrupt load change 

 

Fig. 13. Control effort and phase current of the proposed 
adaptive control and ASMC in experiment, under 
step increment of reference speed 
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is confirmed. The results of implementing the proposed 
adaptive controller not only confirm the better performance 
in smoothing the control effort but also demonstrate the 
time-varying load disturbance attenuation property. 

 
 

6. Conclusion 
 
Two nonlinear adaptive control algorithm are developed 

for speed control of SRM in the application of EVs, 
especially in urban areas that the speed is low and the 
driving torque is highly fluctuated. This condition is 
emulated by applying a Gaussian noise to perturb the load 
torque. First, an adaptive sliding mode control (ASMC) is 
designed to yield a chattering-free control algorithm. 
However, linearized SRM model is used and only 
mechanical uncertainty of the dynamic model is considered. 
To implement a high performance control algorithm for 
removing these drawbacks, an improved adaptive control, 
is proposed. An augmented uncertainty is defined taking 
into account the SRM full nonlinear dynamic model and 
the system uncertainties as well as time-varying load 
perturbations. The upper bound of defined augmented 
uncertainty is not required to be known to make the control 
gain small enough in order to decrease the chattering and 
efforts of the controller. Moreover, the exponential terms 
are used to prevent chattering in the control signal. The 
proposed adaptive controller is capable of achieving 
torque ripple minimization with smooth control effort. The 
simulation and experimental results confirm the robustness 
against model uncertainties and time-varying load torque. 
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Appendix 
 
Appendix A: Derivation of Eq. (9) in detail. 
The derivative of Lyapunov function as defined in (9) is: 
 

 1 1 1
1
ρ

V S S PP= +      (A-1) 

 

where ˆP P P= −  and 
1P
b

= ( )ω ( )e La b T TΔ + Δ −  is 

defined from (5) is assumed to be a constant during the 
sampling period. Hence, it can be concluded that ˆP P= − . 

By substituting 1S  from (8) into (A.1), and with adding 

and subtracting 2
1 1K S , the derivative of Lyapunov function 

can be written as: 
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Finally it can be simplified as: 
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Appendix B 

 
Table 1. SRM specifications 

Rated power 
Rated phase current 

Rated speed 
Number of pole 
Phase resistance 

Inertia (J) 
Damping Factor (B) 

4 kW 
9 A 

1500 rpm 
8/6 

0.75 Ω  
0.008 2.N ms  

0.00078 .N ms  
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